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Objective: To evaluate T2* values in various histological severities of osteoarthritis (OA).
Method:Magnetic resonance imaging (MRI) and T2*mapping including a three-dimensional (3D) double-
echo steady-state (DESS) sequence for morphological cartilage assessment and a 3D multiecho data image
combination (MEDIC) sequence for T2* mapping were conducted in 21 human femoral head specimens
with varying severities of OA. Subsequently, histological assessment was undertaken in all specimens to
correlate the observations of T2* mapping with histological analyses. According to the Mankin score, four
grades of histological changes were determined: grade 0 (Mankin scores of 0e4), grade I (scores of 5e8),
grade II (scores of 9e10), and grade III (scores of 11e14). For reliability assessment, cartilage T2*
measurements were repeated after 4 weeks in 10 randomly selected femoral head specimens.
Results: T2* values decreased signiﬁcantly with increasing cartilage degeneration (total P-values <0.001)
ranging from 36.3  4.3 ms in grade 0 regions to 22.8  4.3 ms in regions with grade III changes. Pearson
correlation analysis proved a fair correlation between T2* values and Mankin score (correlation coef-
ﬁcient ¼ 0.362) that was statistically signiﬁcant (P-value <0.001). Intra-class correlation (ICC) analysis
demonstrated high intra-observer reproducibility for the T2* measurement (ICC: 0.949, P < 0.001).
Conclusions: Given the advantages of the T2*mapping technique with no need for contrast medium, high
image resolution and ability to perform 3D biochemically sensitive imaging, T2* mapping may be
a strong addition to the currently evolving era of cartilage biochemical imaging.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Standard magnetic resonance imaging (MRI) is a reliable tool for
the morphological assessment of cartilage. However, its ability to
visualize subtle articular cartilage matrix alterations that occur
early in the course of osteoarthritis (OA) remains less than ideal1e4.
The combination of high-resolution cartilage speciﬁc sequences
with MRI techniques, which reliably reﬂect the cartilage ultra-
structure and/or molecular composition5,6, is rapidly evolving.
During the progress of OA, three main extracellular matrix
components [water, collagen, and proteoglycan (PG)] undergo
alterations. Bulk water is noted to increase early on prior to eventualDepartment of Orthopedics,
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On the other hand, PG content and collagen ﬁber network undergo
continued changes throughout the process. The PG content
decreases steadily7,8 whereas the highly organized collagen ﬁber
network shows increasing disorganization and disruption, as the
degeneration progresses9,10. PG content or collagen ﬁber network
may therefore be a more speciﬁc intrinsic marker of cartilage
degeneration on imaging than bulk water.
Various MRI techniques that are sensitive to collagen structure,
water content, and the charge density contributed by the PG have
been previously reported. Water content and collagen matrix
have been targeted with various MRI approaches including
diffusion-weighted imaging and diffusion tensor imaging11,12,
T2 mapping5,6,13,14, and T2* mapping15e23. PG content can be
targeted by the delayed gadolinium-enhanced MRI of cartilage
(dGEMRIC) technique24e27 and Sodium imaging28,29. dGEMRIC
has been reported to be sensitive, reliable and has a potential for
three-dimensional (3D) cartilage assessment30 but does require
parenteral contrast medium administration and approximately
60 min (min) of waiting time for contrast uptake. Sodium imaging
recognizes the decrease of PG while assessing tissue sodiumublished by Elsevier Ltd. All rights reserved.
Table I
Cartilage evaluation according to the Mankin system37
Criteria Score Histological ﬁnding
Structure 0 Smooth intact surface
1 Slight surface irregularities
2 Pannus/surface ﬁbrillation
3 Clefts into transitional zone
4 Clefts into radial zone
5 Clefts into calciﬁed zone
6 Total disorganization
Cells 0 Uniform cell distribution
1 Diffuse cell proliferation
2 Cell clustering
3 Cell loss
Toluidin staining 0 Uniform staining
1 Minor discoloration
2 Moderate discoloration
3 Severe discoloration
4 Total discoloration
Tidemark integrity 0 Intact
1 Vascularity
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includes low spatial resolution.
T2 mapping techniques use the T2 relaxation constant as an
indirect marker of cartilage structure as T2 relaxation corresponds
to interactions of water molecules and collagen network (anisot-
ropy)3,6,14. It has been noted to be reliable in several studies5,6,13,14,
but does have some limitations as most reported studies have used
a 2D multi-slice, multiecho, spin-echo sequence that involves long
echo trains to accurately characterize the cartilage T2 decay causing
prolonged image acquisition times (TA).
T2* mapping of articular cartilage has inherent unique features
such as fast imaging, high image resolution and the prospect of
isotropic 3D cartilage evaluation without the need for contrast
medium. Although, few studies have reported the potential of T2*
mapping for assessment of articular cartilage, these studies were
limited either by the lack of histological validation15,17e21 or the
small sample size22.
The purpose of this current study was to evaluate T2* values in
various histological severities of cartilage degeneration. Therefore,
we conducted MRI and T2* mapping in human femoral head
specimens with varying severities of radiographic OA. Subse-
quently, histological assessment was undertaken in all specimens
to correlate the observations of T2* mapping with histological
analyses. We hypothesized that T2* mapping correlates well with
histological grading of cartilage degeneration.
Method
Study population
The study was conducted in compliance with regulations of the
local ethics committee.
Twenty-one femoral head specimens were collected from 21
patients (seven males, 14 females, mean age: 60.9  9.6 years,
range: 37.6e77.3 years) who underwent total hip arthroplasty
(THA) for the treatment of OA. These included eight right hips and
13 left hips. Each resected femoral headwas inspected for the status
of cartilage in various geographic zones. An area ofw2 cm2 at the
weight-bearing zone was marked with four Ethipins (Ethicon,
Norderstedt, Germany) to facilitate subsequent orientation and
correlation of histology data with MRI data obtained from multi-
planar-reformatting (MPR).
MRI
MRI was performed at a 3 T system (Magnetom Trio, Siemens
Medical Solutions, Erlangen, Germany) using a 7 cm receive-only
loop coil (Magnetom Trio A Tim System, Siemens Medical Solu-
tions, Erlangen, Germany). Each femoral head specimenwas placed
into a jar ﬁlled with normal saline with the marked region of
interest (ROI) of the specimen pointing toward the roof of the jar
and the cartilage surface parallel to the main magnetic ﬁeld (B0).
Subsequently, the coil was ﬁxed on top of the jar. This imaging
setup provided assurance regarding both minimal magic-angle
effect in the T2* maps (as the primary orientation of the collagen
ﬁbrils was perpendicular to B0), andmaximum signal-to-noise ratio
(SNR) as the ROI was within the iso-center of the coil and magnet.
The MRI protocol included a 3D double-echo steady-state
(DESS) sequence with water-excitation [repetition time (TR)/echo
time (TE) ¼ 14.75 ms/5.03 ms, ﬂip angle (FA) ¼ 25, number of
excitation (NEX) ¼ 4, bandwidth (BW) ¼ 260 Hz/pixel, ﬁeld of view
(FOV) ¼ 103 mm  82 mm, in-plane resolution ¼ 0.4 mm2, slice
thickness ¼ 0.4 mm, voxel size ¼ 0.4 mm3, slab ¼ 208,
TA ¼ 34.42 min] for morphological cartilage assessment and a 3D
multiecho data image combination (MEDIC) sequence using eightechoes in order to assess the T2* decay (TR/TE¼ 100 ms/7.44, 13.83,
18.12, 22.45, 28.11, 33.98, 39.85, 45.72, FA ¼ 25, NEX ¼ 1,
BW ¼ 260 Hz/pixel, FOV ¼ 103 mm  82 mm, in-plane resolution ¼
0.4mm2, slice thickness¼ 0.4mm, voxel size¼ 0.4mm3, slab¼ 208,
TA ¼ 37.32 min). The implemented MRI parameters were selected
with regard to the best image quality and highest measured SNR.
However, for comparability reasons, similar parameters e.g., image
resolution and imaging time (voxel size ¼ 0.4 mm3, TA ¼ 34.42 min
for the DESS sequence and 37.32 min for the MEDIC sequence,
respectively) were chosen. T2*maps were generated throughout an
inline processing package (SyngoMapIt, Siemens Medical Solutions,
Erlangen, Germany), which utilizes a nonlinear least square ﬁtting
routine.
Following MRI, cartilage-bone blocks of approximately 9 cm3,
which included the ROI, were cut out from the femoral head
specimens in order to decrease ﬁxation, dehydration, and embed-
ding times prior to histological analyses.
Histological analyses
The cartilage-bone blocks were dehydrated using standardized
techniques for non-decalciﬁed sectioning31. Polymerization (Tech-
novit 9100, Hereaus Kulzer, Weinheim, Germany) was performed
at 4C within 48 h. Coronal sections (Exakts, Apparatebau, Nor-
derstedt, Germany) were cut along the long-axis of the Ethipins
that generated 10e18 serial sections with a section thickness of
approximately 200 mm. Subsequently, all sections were glued to an
opaque acrylic glass using acrylic cement (Technovit 7210 VLC,
Heraeus Kulzer) and ground to a ﬁnal section thickness of
approximately 50 mm. In total, 264 histological slices were obtained
from all 21 specimens.
For cartilage assessment, all histological sections were stained
with conventional toluidin blue (0.1% toluidin blue in 0.1% sodium
tetraborat; Merck, Darmstadt, Germany) and destained for 30 min
in tap water. This was followed by dehydration and embedding in
DePex (Merck KGaA, Darmstadt, Germany).
A color CCD camera (Color View III, Olympus, Hamburg,
Germany) mounted on a binocular light microscope (Olympus
BX50, Olympus) and a life science documentation software (cell^D,
Olympus) were utilized for digital image evaluation.
Each histological section was staged according to the Mankin
system32 which utilizes surface morphology, cellularity, toluidin
blue staining and tidemark integrity with a maximum score of 14
that can be assigned (Table I). Each section was further subdivided
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degeneration. According to the Mankin score, each region was
assigned into four grades of histological changes: grade 0 (Mankin
scores of 0e4), grade I (scores of 5e8), grade II (scores of 9e10), and
grade III (scores of 11e14)33.
MRI analyses
The 3D data sets of DESS and T2*were transferred to a Leonardo
(Siemens Medical Solutions, Erlangen, Germany) workstation. As
previously reported34, by using isotropic 3D sequences and a MPR
software, wewere able to createMRI reformats that correlatedwith
the histological sections. As with histological analysis, each MRI
reformat was subdivided into three regions (A, B and C). Because of
the difference between histological slice thickness (section thick-
ness: w50 mm) and MRI slice thickness (reformat thickness:
0.4 mm) not every histological cut could be correlated with
a different MRI reformat. As a result, more than one histological
section reﬂected the same MRI reformat. Therefore, 98 MRI refor-
mats could be correlated with 98 (out of 264) corresponding
histological sections (Fig. 1).
Within each region, global (bulk) T2* values were assessed by
ROI analysis covering the full thickness of cartilage depth. The
corresponding DESS image served as reference for accurate place-
ment of the ROIs squares within cartilage bounds. Areas of total
cartilage loss (grade four lesions) were excluded from this analysis
(Fig. 2).
All T2* measurements were performed by one observer (BB)
with special interest in biochemical sensitive MRI who was blinded
to the histological grading.
Statistical analyses
In this study, SPSS@ software (Version 19.0; SPSS, Inc., Chicago,
IL, USA) was used for all statistical analyses. Mean T2* values,Fig. 1. Upper left corner: cartilage-bone block including the ROI and histological cutting or
appearance of the Ethipins. By means of MPR software, DESS (upper right corner) and T2*
(lower left corner). Within each section (histological, DESS and T2* section) three regions (
drill holes (left upper corner) depict areas where cartilage samples were harvested for quastandard deviation (SD, ) and value range were measured in
various histological grades of cartilage degeneration.
The one-way analysis of variance (ANOVA) was applied in order
to identify any statistically signiﬁcant differences between the mean
T2* values of each histological grade (grade 0egrade III) of cartilage
degeneration. The four histological grades (groups) were treated as
ﬁxed parameters (independent variable) while the T2* value was
treated as a dependent variable. Prior to ANOVA, a normal T2*
distribution was obtained graphically and statistically analyzed
using the ShapiroeWilk test. The Levene’s test revealed no statis-
tically signiﬁcant differences (P ¼ 0.293) indicating that there was
approximately equal variance on this dependent variable (i.e., T2*).
To analyze which pairs of cartilage grades (grade 0 versus
grade I, grade 0 versus grade II, grade 0 versus grade III, grade I
versus grade II, grade I versus grade III, and grade II versus grade III)
revealed signiﬁcant different T2* values a post hoc comparison was
performed using Bonferroni correction to adjust for an inﬂated
probability of a Type I error (the family wise-Type I error rate
increases as the number of post hoc comparison increases referred
as cumulative Type I error or alpha inﬂation). This involves multi-
plication of the signiﬁcance levels obtained from the Least Signiﬁ-
cant Difference (LSD) test by the number of post hoc tests (in this
study: n ¼ 6). Therefore, the actual P-value is obtained by applying
the Bonferroni correction backwards.
The Spearman’s rank correlation coefﬁcient was assessed to
identify signiﬁcant correlation between (1) total Mankin score and
T2* values and (2) Mankin surface morphology score and T2*
values.
For reliability assessment, cartilage T2* measurements were
repeated after 4 weeks in 10 randomly selected femoral head
specimens (50 reformats, 116 regions, 232 ROIs). Subsequent, intra-
observer agreement was evaluated by intra-class correlation (ICC)
testing (pair-wise correlation, absolute agreement).
Conﬁdence intervals of 95% were measured for all assessments
with P-values of <0.05 being considered as statistically signiﬁcant.ientation (blue lines), which could be reproduced based on anatomical landmarks and
reformats (lower right corner) were created that correlated with histological sections
A, B, C) were identiﬁed for subsequent comparison (full-thickness ROI analyses). Some
ntitative analyses (data not shown).
Fig. 2. ROI analysis in corresponding DESS MRI (A), histological cut (B) and T2* map
(C) at two regions. One region (white arrow) could not be mapped due to severe
cartilage loss. This region and similar regions with full-thickness loss were excluded
from further analyses.
Fig. 3. Total Mankin score distribution in this case series.
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A total of 294 ROIs (98MRI reformats/histological sections, three
regions per reformat/histological section) underwent assessment.
Of these, 64 regions were excluded due to severe cartilage loss and/
or MR image quality issues that severely compromised the T2*
assessment. Therefore, 230 ROIs were further analyzed. The mean
size of these ROIs was 0.05  0.01 cm2 (range: 0.02 cm2e0.09 cm2).
The frequency of each Mankin score is illustrated in Fig. 3. Of the
230 full-thickness ROIs, 167 (72.6%) were classiﬁed as grade 0, 42
(18.3%) as grade I, 15 (6.5%) as grade II, and 6 (2.6%) as grade III
changes.
The mean T2* values measured in full-thickness ROIs decreased
signiﬁcantly with increasing cartilage degeneration (total P-values
<0.001) ranging from 36.3  4.3 ms in grade 0 regions (Fig. 4) to
22.8  4.3 ms in regions with grade III changes. The comparison
between T2* values of grade 0 and grade I cartilage, however, did
not reveal statistically signiﬁcant difference (P-value ¼ 0.123).
Mean T2* values, SD (), T2* median, T2* value range and differ-
ences between T2* values in various grades of cartilage degenera-
tion including P-values and 95% conﬁdence intervals are presented
in Table II. The drop of T2* relative to the grade of cartilage
degeneration is further illustrated with a box plot diagram out-
lining T2* minimum, lower quartile, T2* median, upper quartile,
T2* maximum, and outliers (Fig. 5).
Pearson correlation analysis revealed fair correlation between
T2* and total Mankin score (correlation coefﬁcient ¼ 0.362) andT2* and Mankin surface morphology score (correlation
coefﬁcient ¼ 0.367), which was statistically signiﬁcant (P-value
<0.001).
ICC analysis proved high intra-observer reproducibility for the
T2* measurement (ICC: 0.949, P < 0.001).
Discussion
The purpose of this study was to evaluate the potential of T2*
mapping for assessment of hip joint cartilage while correlating this
technique with histological analysis. Therefore, we assessed carti-
lage integrity of femoral head specimens utilizing the Mankin
system32 and correlated various histological grades of cartilage
degeneration with T2* values of corresponding ROIs.
Based on our results we consider T2* mapping as a potential
modality for assessing the status of hip joint cartilage. We noted
a signiﬁcant drop of T2*with increasing grades of cartilage damage
(P-value < 0.001) (Fig. 6) and a correlation between T2* and total
Mankin scores (correlation coefﬁcient ¼ 0.362) as well as
between T2* and surface morphology Mankin scores (correlation
coefﬁcient ¼ 0.367).
Williams et al. studied the sensitivity of standard T2 mapping
and ultra-short echo time (UTE) T2*mapping (sequence of TE times
ranging from 0.5 ms to 40 ms) to collagen matrix degeneration
using composition assessment, polarized light microscopy (PLM)
and used histological analysis for comparison22. Thirty-three
osteochondral cores were harvested from four human tibial
plateau explants. In this study, T2* values varied signiﬁcantly with
matrix degeneration (P-value ¼ 0.008) and were lower in severely
degraded cartilage compared to healthy tissue (P-value ¼ 0.012).
Furthermore, a trend for higher UTE-T2* values in healthy tissue
compared to mildly degenerated tissue (P-value ¼ 0.051) was
noted. Interestingly, standard T2 values did not vary with various
grades of matrix degeneration (P-value ¼ 0.13) in this case series
but tended to be higher in severely degraded cartilage when
compared to healthy tissue. Of note, composition analysis did not
reveal any correlation between T2* value and type-II collagen
content conﬁrming that T2*mapping is rather sensitive to collagen
architecture than to collagen content.
Several factors are important to be outlined when using T2*
mapping for cartilage assessment. Although T2*mapping has been
previously validated by demonstrating comparable information on
healthy cartilage or repair cartilage when using either T2 mapping
or T2*mapping17e19, the distinction between T2 and T2* relaxation
remains important. T2* is the relaxation time obtained with
Fig. 4. Corresponding histological (A), DESS MRI (B) and T2* evaluation (C) revealing normal cartilage.
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and coherent dephasing effects, which arise from spins within
a voxel having different precession frequencies due to local ﬁeld
variations, within the net T2* decay. Brieﬂy summarized, T2*
relaxation is related to T2 as follows: 1/T2* ¼ 1/T2 þ gDB0 where
g represents the gyromagnetic ratio and DB0 deﬁnes the difference
in strength of the locally varying ﬁeld35. Thus, assuming that the
applied static magnetic ﬁeld (B0) is constant, T2* will be inﬂuenced
by both the transverse relaxation (T2) and by local susceptibility
ﬁelds. The lower T2* mapping values in general reﬂect theTable II
Mean T2* values  SD, T2* median, T2* value range and differences between T2*
values in various grades of cartilage degeneration. T2* values decreased signiﬁcantly
with increasing cartilage degeneration (total P-values <0.001) ranging from 36.3 ms
(grade 0) to 22.8 ms (grade III). Note, the comparison between T2* values of
grade 0 and grade I cartilage did not reveal statistically signiﬁcant difference
(P-value ¼ 0.123)
Grade Mean T2*  SD (ms) Median T2* (ms) T2* range (ms)
0 36.3  4.3 35.9 26.1e45.2
I 34.5  5.3 33.9 24.4e43.8
II 29.1  5.1 28.0 21.7e38.9
III 22.8  4.3 24.9 15.8e26.3
Grade X Grade Y P-value Conﬁdence interval
0 I 0.123 0.260e3.942
II <0.001 3.974e10.535
III <0.001 8.494e18.608
I II 0.001 1.752e9.074
III <0.001 6.398e17.021
II III 0.029 0.418e12.175additional contribution of microscopic susceptibility ﬁelds to T2
relaxation. Of note, due to the lacking 180 refocusing pulse, T2*
mapping is also less sensitive to stimulated echoes and magneti-
zation transfer. However, susceptibility artifacts may be pronounced
by foreign body particles such as post-surgical debris or artiﬁcialFig. 5. Box plot diagram illustrating the signiﬁcant drop of T2* relative to the grade of
cartilage degeneration ranging from 36.3  4.3 ms in grade 0 regions to 22.8  4.3 ms
in regions with grade III changes.
Fig. 6. Corresponding DESS MRI (A), histological cut (B), and T2* map (C). Note the
cartilage irregularities (black brackets) that are clearly depicted at the T2* map
whereas no changes are demonstrated on the DESS image.
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compromise the assessment of cartilage.
In contrast to the trend of standard T2 values to increase with
cartilage degeneration36e41, T2* valuesmeasured in this studywere
noted to decrease with increasing cartilage degeneration as previ-
ously reported in other studies15,22.
Standard T2 mapping sequences, which utilize TEs of
w10 mse100 ms or longer, capture transverse relaxation related to
bulk water but they are insensitive to T2 signals that decay more
rapidly (T2 relaxation <10 ms)42,43. This is in contrast to T2*
mapping that includes shorter TEs and as such reﬂects a wider
range of T2 components of cartilage tissue. However, at this point it
remains hypothetical that loss of water trapped within collagen
ﬁbrils results in a relative increase of shorter T2 components in the
measured T2* decay, which captures contributions from all
measured T2 components43. In contrast to ﬁndings of our study,
Marik et al.who performed T2 and T2*mapping in 10 patients with
osteochondritis dissecans (OCD) of the talus and nine healthy age-
matched volunteers noted signiﬁcantly higher mean T2 and T2*
values in patients suffering from OCD compared to healthy volun-
teers that related to the morphologic grade of cartilage degenera-
tion18. Although the reason for this discrepancy cannot be
completely explained, this study was fairly limited by the small
study cohort (eight patients having mild changes while only two
patients revealed moderate changes) and relatively low image
resolution (0.4 mm  0.4 mm  3 mm) to assess the thin cartilage
layer of the talar dome. A high SD of up tow30% and comparatively
low T2* values that ranged from 11.8 ms in morphologically normal
appearing cartilage in asymptomatic volunteers to 16.2 ms inmoderate cartilage changes in symptomatic patients, and the
net T2* decay being obtained with six TEs ranging from w4 ms
to w40 ms, likely points toward this explanation.
In a study on three cylindrical T2 phantoms with different
T2 values and 10 healthy knee joints at 3 T Pai et al. have eval-
uated a new 3D spoiled gradient recalled (SPGR) acquisition
based T2 (T2*) technique and compared the results with
currently available 2D sequences44. Their results revealed good
accuracy (5.8% T2 underestimation), moderate SNR efﬁciency
(SNR=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Total imaging time
p
: 35:25, range: 21.80e45.43), and a low
coefﬁcient of variation (CV) in both phantoms and healthy knee
joint cartilage indicating the potential of 3D T2 (T2*) mapping to
provide reliable information on cartilage degeneration in OA. Of
note, a mean T2 (T2*) value of 31.64  4.53 ms was observed in this
sample of 10 healthy volunteers which is similar to our results in
normal (grade 0) regions (mean T2* value: 36.3  4.3 ms).
Qian et al. have published their results on multi-component T2*
mapping using a home-developed UTE sequence to acquire data on
six human tibial plateau specimens (three healthy samples, three
osteoarthritic samples) including UTE (TE <1 ms) at 3 T20. Analysis
with PLM served as control. In this study they were able to explore
four T2*-decay types: 99% of cartilage pixels having mono-, bi-, or
non-exponential decay, and 1% showing tri-exponential decay.
Bi-exponential decay was reported to reﬂect both trapped and free
water molecules in cartilages contributing to short- (T2* value
ranging from 1.5 ms to 4.9 ms) and long-T2* relaxations (T2* values
of w20 ms), respectively. The tri-exponential decay exhibited an
additional short-T2* component (T2* <2 ms), which could be the
result of fragmented (mobile) PGs43. Qian et al.noted thatmappingof
short-T2* values clearly distinguished the diseased (1.5 mse3.6 ms)
from healthy (4.4 mse4.9 ms) cartilage while averaged single-
component-T2* values (T2* range: 12.5 mse22.9 ms) demonstrated
overlap in T2* value between healthy and osteoarthritic cartilage20.
These results indicate that short-T2* relaxation may be more sensi-
tive to cartilage degeneration than long single-T2* relaxation, as
performed in our present study although Qian et al.’s observations
are based on few (six) cartilage specimens, and may have its own
limitations.
Another factor that has to be monitored closely when per-
forming T2* mapping, in particular when assessing spherical
shaped cartilage, is the so-called magic-angle effect that is char-
acterized by an increase of T2 (and therefore T2*) when biological
tissues with highly ordered collagen such as tendons and cartilage
are orientatedw55 to the applied main magnetic ﬁeld45 whereas
the dephasing effect of parallel-oriented dipolar interactions of
protons in water molecules binding to collagen is minimized.
Our study does have limitations. Although Ethipins and
anatomical landmarks served as guidance for reformatting the
histological cutting plane by means of MPR, it is possible that
histological and corresponding MRI regions were slightly different
either due to potential mismatch in-plane orientation or inequality
of image resolution. For instance, the slice thickness of each MR
image and T2*mapwas 0.4 mmwhile each histological sectionwas
grounded to a ﬁnal section thickness of approximately 50 mm.
Furthermore, in the present study, correlation PLM and quantitative
type-II collagen content assessment was not available for compar-
ison and subtle changes of the collagen matrix may have been
missed in this series. However, our results are similar to a previous
report where PLM and type-II collagen content assessment has
been conducted22. Minor but impressionable cartilage changesmay
have been underestimated by averaging of T2* values in pre-
deﬁned ROIs. This may be minimized by including a ﬂexible
correlation system e.g., by deﬁning individual cartilage areas with
different histologically proven grades of degeneration for correla-
tion instead of using a constrained grid system. The same applies
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accounting for zonal variations i.e., higher concentration of con-
strained collagen ﬁbrils and anisotropy in the deep and calciﬁed
zones46,47, which have been previously described as marker of
hyaline or hyaline-like cartilage6,48. Recently reported studies of T2
and T2* for the assessment of articular cartilage in healthy volun-
teers and patients who underwent matrix-induced autologous
cartilage implantation (MACI)21 or micro-fracture therapy17 further
conﬁrm these ﬁndings. Furthermore, correlation between T2*
values and Mankin scores was low. Besides methodical issues,
which have been outlined above, this may be due to technical
limitations such as the relatively low image resolution that makes
the analysis prone to partial volume averaging. As a result, the
effect of local magnetic ﬁelds in damaged cartilage, which shortens
T2*, may be counteracted by other mechanisms i.e., inclusion of
ﬂuid into the T2* relaxation calculation that leads to a T2 increase.
In addition, the T2* technique lacks the 180 refocusing pulse and,
thus, is more sensitive to susceptibility artifacts. As a result, foreign
body particles such as post-surgical debris or the Ethipins may
have inﬂuenced the T2* relaxation.
In conclusion, we were able to outline the potential of T2*
mapping for evaluating hip joint cartilage at 3 T. Although there
were statistically signiﬁcant differences between the T2* values in
various histologically proven grades of cartilage damage the ability
of T2* mapping to clearly differentiate between normal and mild
changes of cartilage changes needs to be further elucidated. Given
the advantages of the T2* mapping technique with no need for
contrast medium, high image resolution and ability to perform
3D biochemically sensitive imaging, we believe T2* mapping is
a strong addition to the currently evolving era of cartilage
biochemical imaging.
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